Substrate scratches can limit the laser resistance of multilayer mirror coatings on high-peak-power laser systems. To date, the mechanism by which substrate surface defects affect the performance of coating layers under high power laser irradiation is not well defined. In this study, we combine experimental approaches with theoretical simulations to delineate the correlation between laser damage resistance of coating layers and the physical properties of the substrate surface defects including scratches. A focused ion beam technique is used to reveal the morphological evolution of coating layers on surface scratches. Preliminary results show that coating layers initially follow the trench morphology on the substrate surface, and as the thickness increases, gradually overcoat voids and planarize the surface. Simulations of the electrical-field distribution of the defective layers using the finite-difference timedomain (FDTD) method show that field intensification exists mostly near the top surface region of the coating near convex focusing structures. The light intensification could be responsible for the reduced damage threshold. Damage testing under 1064 nm, 3 ns laser irradiation over coating layers on substrates with designed scratches show that damage probability and threshold of the multilayer depend on substrate scratch density and width. Our preliminary results show that damage occurs on the region of the coating where substrate scratches reside and etching of the substrate before coating does not seem to improve the laser damage resistance.
INTRODUCTION
High dielectric constant electron-beam deposited multilayer coatings composed of silica and hafnia are frequently used on large-aperture mirrors for high peak power laser systems. For a robust laser system, high laser resistance is an obvious performance requirement. Defective features in the multilayer coatings as well as on the substrate surface are believed to play important roles in limiting mirror function and lifetime. For example, features such as highly-absorbing nano-clusters near the top surface of the coating, or solid inclusions buried deep within the multilayer coating, although rare, can result in damage upon laser light exposure.[1-2] Moreover, a recent study has shown that substrate scratches and impurities generated from surface finishing of the BK7 substrate can also lead to laser-induced damage on the multilayer coating. [3] [4] Substrate scratches on the optic surface are inevitably created during the final shaping of the component through abrasive cutting, grinding and final polishing. Earlier studies have shown that substrate scratches on fused silica substrates act as precursors and lead to laser damage by inducing sub-bandgap absorption [5] [6] which can be reduced by chemical etching of the substrate to improve optic performance. It is uncertain if the lessons learned from transparent optics is applicable to mirrors. To understand the impact of substrate scratches on the damage resistance of mirror coatings, we examined the damage threshold of silica-hafnia multilayer mirror coatings deposited on BK7 substrates with pre-engineered scratches of different widths. Our preliminary results show that damage does occur first in the film where scratches reside. Etching of the substrate before coating, however, does not appear to improve the laser damage resistance of the coating.
EXPERIMENTAL METHOD
A series of six polished 50 mm diameter BK7 optics were used in this study. Scratch widths ranging from 15-30 µm, 30-45 µm, and 45-60 µm were created on two sets of uncoated samples, respectively; with one of each sample etched and the sister sample remaining unetched. The scratches were created by dragging the sample surface across a pad that contained imbedded silica spheres of 200 µm, 300 µm or 400 µm, diameter depending on the desired scratch width (see Table 1 ). The load placed on each sample was 4 pounds. To etch the scratches, three samples of different scratch width were dipped in a BOE (6:1) solution for 30 minutes followed by a deionized water wash and air dry.
Scratch width (µm)
Size of silica bead applied (µm) 15-30 200 30-45 300 45-60 400 Table 1 . Size of silica bead used for creating scratches of different width
Both etched and non-etched samples were then coated with a high reflector at 1064 nm consisting of multilayers of silica and hafnia dielectric materials with quarter-wave thicknesses. The coated samples were tested for laser damage resistance by following the damage test protocol given in ref. [7] . Briefly, a 1064 nm, 3 ns laser with a 1 mm Gaussian spot at 1/e 2 is raster scanned in approximately ȝP VWHSV DFURVV WKH WHVW DUHD RI FP 2 , starting at a low fluence and stepping up in 2 or 3 J/cm 2 increments until damage is observed. The small increment between laser shots is to maximize the fluence uniformity across the 1 cm 2 test area. The damage fluence is defined as the lowest fluence at which any growing sites are observed or when more than 10 stable pinpoint sites are observed.
To evaluate electric-field intensification within the multilayer coating at the presence of substrate scratches, a commercially available software code TEMPESTpr2 [8] [9] was utilized. TEMPESTpr2 employs a finite-difference time-domain (FDTD) method [10] to solve Maxwell's equations within a particular structure, both in 2-D and 3-D. The algorithm for this study simulates the scattering of an electromagnetic plane wave within the multilayer mirror topography containing a distorted region due to the existence of the substrate scratch. The simulation domain is rectangular, 2-D, and gridded uniformly. In the original code, the periodic boundary conditions (PBC) are applied in the x-direction, while the Berenger's perfectly matched layer (PML) absorbing-boundary condition [11] is applied in the vertical directions. Absorbing layers with median refractive indices were added in the outside edges of the simulation domain in the z direction to minimize the impact of the PBC and to prevent back reflections. A similar approach has been successfully used to quantify the electrical field intensification within a multilayer mirror design at the presence of conical pits. [12] [13] The structural feature of the defective multilayer used for the simulation was revealed by cross sectioning the region where the substrate scratch resides. The cross-sectional view of the interested region was achieved by trenching the coating materials at a 45q angle with respect to the surface normal using a focused beam of gallium ions [14] in a high vacuum chamber. Because of the dielectric nature of the multilayer, the sample surface was coated with a thin layer of Au before cutting to prevent sample charging. The morphology of the cross-sectioned region was then characterized by a scanning electron microscope in the same chamber. Before imaging, a thin layer of Pd (<10 nm) was coated on the freshly milled area to remove any charging effects..
RESULTS AND DISCUSSION
Similar to transparent optics such as fused silica, multiple types of scratches are often found on the BK7 substrate surface after final polishing. The scratches can be a sleek due to plastic abrasive wear, trailing indent from brittle fracture, or a mixture of both (trailing indent with lateral fracture). Examples of these scratches on a BK7 surface are shown in Figure 1 . The image shown in Figure 1 is collected after the surface has been coated with a high reflector multilayer. Because the multilayer coating is thin and transparent in the visible spectrum, the scratches underneath the film can be easily discerned under an optical microscope.
The existence of scratches on the substrate surface can affect the morphology of the multilayer coating. The alteration of the coating topography can be quite significant if the scratches have complicated structures. Figure 2 (a) is a SEM image showing a cross-sectional view of the multilayer coating of alternating hafnia and silica layers deposited on a substrate with a trailing indent scratch. Because the substrate area is heavily deformed, the resulting coating layers lose their planar nature. It can be seen that when the first coating layer was deposited, it actually followed the contour of the defective structure. The deposited coating also shows the ability to self-heal during the coating process. This is quite clear on the portion of the coating that was deposited on the right trench of the scratch (see encircled area). For the first fifteen layers during deposition, each layer follows the morphology of the trench. At the same time, the materials tend to grow towards the middle of the void from both directions. Starting at the sixteenth layer, the dielectric layers from either side of the trench coalesce to form a continuous layer, but with a wedged geometry. As the coating layer number increases, the wedge gradually decreases and the coating is nearly planarized when the last layer is deposited. The morphological alteration of the multilayer coating by a sleek type of scratch on the BK7 substrate is much less drastic. The coating can self-heal over less thickness and completely recover its flatness during the coating run if the sleek is small and shallow. Figure 2(b) is the cross-sectional view of a 1 µm wide substrate sleek overcoated with a multilayer high reflector. Similar to that shown in Figure 2 (a), the dielectric coating materials conform to the surface morphology including that of the scratch when it is first evaporated onto the substrate (see white box insert). The existence of the small sleek causes the coating layers to curve, but only at the first few layers. The coating achieves planarity by the middle of the coating run. Figure 2(c) shows the morphology of the multilayer coating deposited on another sleek which induced three ripples on the substrate surface. Although the resulting coating demonstrates a self-healing nature, it does not completely achieve planarity, thus forming a dome on the top layer. The substrate scratch-induced perturbed multilayer coating can damage when the surface is exposed to laser light at a wavelength of 1064 nm and pulse width of 3 ns. Damage testing following the NIF damage test protocol finds that initiation of the laser damage occurs frequently on the substrate scratches. Figure 3(a) shows the example of laserinduced damage sites on the coatings where the substrate scratches reside. The image was taken after the surface had been exposed to increasing higher fluences until damage growth was observed. As can be seen in the image, there is a size distribution to the damage sites and at the current resolution, nearly all of the discernable damage sites coincide with the substrate scratches. The damage site occurring in location A is most likely a growing site. Multiple sites are also observed on the same scratch, for example, location B.
To investigate the nature of the damage in more detail, high resolution images were taken. Figure 3 (b) is the magnified version of site B in Figure 3 (a) . It can be clearly seen that laser-induced damage occurs first in the top layers and grows radially. Subsequent laser pulses then slowly begin damaging the next adjacent layer while continuing to radially grow the damaged top layers. Typically this type of damage has evidence of delamination of the silica layers and melting or boiling of the hafnia layers. Furthermore, stable and growing damage sites can occur on multiple spots of the same scratch. The radial damage growth can coalesce when damage sites are in close proximity and thus create a single damage site consisting of multiple initiation sites as shown in Figure 3 (b) . The discoloration of the region near the scratch is likely caused by plasma scalding, re-deposition of damage debris, or depolarization induced by surface stresses.
The damage testing results for samples with different scratch widths are summarized in Figure 4 . Typically the laser damage threshold of a non-defective section of the coating will exceed 100 J/cm 2 . For non-etched substrates, the damage threshold is the same for all three scratch widths at ~ 42 J/cm 2 . The growth threshold, however, depends on the scratch width; the smaller the scratch width, the higher the fluence required for damage growth. For the scratch width smaller than 20 µm, no damage growth was observed at fluences exceeding 60 J/cm 2 . This is also true for etched scratches (see both blue lines, solid or dotted). For scratch widths larger than 25 µm, etching of the substrate before coating seems to reduce the damage threshold as indicated by the red and green dotted lines. In both cases, the damage threshold decreases to 30 J/cm 2 . Etching, however, does not affect the behavior of the scratches less than 20 µm in width (see blue dotted line). There are many possible explanations of why substrate scratches lead to multilayer coating damage upon laser exposure. Coatings are slightly absorptive so in regions of the coating without macroscopic defects, the intrinsic damage threshold is limited by the electric-field induced thermal breakdown of the coating materials. Earlier studies have shown that electrical field intensification within multilayer layer high reflector interference coatings can occur due to embedded nodular defects or defective pits [12, 15] . Electric field intensification within fused silica cracks has also been attributed to reduced laser damage resistance [16] . To elucidate if the coating distorted by substrate scratches can lead to electrical field intensification within the dielectric multilayer, we first collect the crosssectional image of the hafnia-silica multilayer coating on top of a substrate etched sleek ( Figure 5 (a) , and then estimate the electrical-field distribution of the coating using the aforementioned simulation code. The distribution output of the electrical field intensity |E| 2 is plotted in Figure 5 (b). The color scale indicates the electrical field strength. As can be seen in the Figure, the higher electrical-field intensifications are located in the top layer of the coating. The maximum electric-field intensification within the distorted coating due to the existence of the small sleek in the substrate is 4 indicating the scratch would damage at one quarter of the damage threshold of a defect free region of the coating. The amplification of the electrical field within the coating can be attributed to the geometry of the modified layer which acts as a lens to focus the beam to the upper region of the coating. It is apparent that the modification of the coating final geometry strongly depends on the shape of the scratch on the substrate. Since etching can alter the morphology of scratches by increasing the scratch width, the wider scratch will result in a larger area of the coating that modulates the electric field which may lead to a higher magnitude intensification . The direct impact of such effect would be the reduction of damage resistance to laser irradiation.
SUMMARY
Through experiment and simulation, we find that morphological details of substrate scratches dictate the modulation of a high reflector multilayer geometry which can lead to electrical-field amplification and reduced laser damage resistance. Unlike transmissive fused silica optics, etching of the substrate before multilayer coating degrades rather than improves the laser damage resistance indicating the damage mechanism for scratches on a multi-layer substrate is very different than that for scratches in transmissive fused silica. Finally, scratches of width smaller than 20 µm do not generate growing or propagating damage sites over the range of fluences tested in this study. 
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A. Yes. I can't answer that with certainty. I think it has to do with an alignment of these features with precursors and the statistical nature of how they're distributed together. Clearly, there's field enhancement there, but it does not alter the threshold proportionally. That's very true, and we're happy to see that. Otherwise we would be in deep trouble.
Q. If I could just offer a comment here. If you remember some of the work that was done (China Lake, perhaps), they looked as the aspect ratio of scratches or the ratio of scratch dimension and the wavelength of light , so the feature size. So it seems to play some role. So, that sort of helps explain what you're talking about.
A. Perhaps not??
Q. We know that the surface roughness of the polishing also affects the damage resistance of the coating, so, does your research indicate that the small scratch does not affect the damage threshold?
A. I would not say that it does not affect the damage threshold. It does not limit our current damage thresholds. They do not present a large problem. Even in these tests we have done on the smallest samples, damage occurred primarily at the location of scratches. So, scratches are bad, you would rather not have them, but they're not a limiting factor at this time for our coatings.
Q. In your conclusions you say that etched scratches are worse than unetched scratches. Have you done any modeling of the electric field to explain this?
A. Not directly. The modeling of the etched scratches can be very difficult because you have to transfer the images we saw from the cut-a-ways into something we can use in the FTDT simulation, and that is not straightforward. The amount of cells that would have been required to do that simulation exceeded our computing capacity.
Q. Do you have any idea just as a ……
A. Well, if you look at them, they're greatly perturbed. The layer structure is destroyed and in some cases there are discontinuities, and voids inside there. It's just a more random distribution or a wider distribution I should say.
Q. Did you take care of the angle of the polarization direction for polarization dependent effects by orienting the polarization parallel to the scratches or orthogonal to the scratches? I kind of remember that there may be some effect.
A. Yes. I actually can't speak strongly to the polarization issue at this time. Roger may be able to do that. Actually, that experiment is next on our list. We didn't have a chance to do that before the conference, but it's an excellent suggestion. It should give us some illuminating information regarding the impact of this issue.
Q. You mentioned on this issue that normally the beam is reflected on the top layer of the mirror coating. Did you have any chance to verify the electric field amplitude on the top layer due to some scratches?
A. If I understood you correctly, the field does propagate…. there is a field inside of the coating past the top layer and we do see an enhancement of that field in the area of the scratches in the simulations.
Q. According to my coating design experience, usually the beams are mostly reflected on the top layer of the coatings. Perhaps that increases towards the substrate. The less the beam is reflected. So I think the top layers are most important with some electric field and its implication. I'm just curious. Did you have any chance to verify how much electric field amplification there is and what the distribution is?
A. In our simulation, we do see the highest field at that top layer, like you were saying, and the highest peak here is at one edge of the feature. So that top layer is critical.
Q. Just a practical question. What model did you use for the field. Is it your own model or…?
A. You know, I did not do the modeling myself, so I will leave that to Roger to discuss. We used a commercial code that's available from UC-Berkeley and it's called TEMPEST.
Q. Just to expand on that, it's an FETD-type code, that's used to solve Maxwell's equations.
